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ABSTRACT

A process 1s described for uniformly Infiltrating woven
carbon cloth with either tltanlum diboride or boron carbide
at reduced pressure (15-25 torr). The effeccts of deposition
temperature on the uniformity of penetration and on coating
rate are described for temperatures from 750 - 1000°C and de-
poslt loadings from 20 - 43 vol. Z. For the boron carbides,
boron composition 1s discussed and ¢ /idence 18 presented sug-
gesting that propene is the dominant rate eontrolling react-
ant.

I. INTRODUCTION

A major materials prohlem encountered in the development of Tokn.-
mak fusion reactors i1a the lack of satlsfactory heat aink materials for
use In limiters, wall armor, beam stops, etc. Preferrably these com-
ponents should contain only low-atomic number clement: to miniml:c
plasma quanching by beam-induced, sputterced products, in addition to
having a high melting temperaturc and gocd tharmal fatigue resistance,
Of the monolithic ceramic materials availabhle, only graphlte meets
these criteria; howesver it has an unacceptably hlgh erosion rate due
to its high chemical recactivity wlth the charged hydrogen isotopes in
the beam. Coating monolit*ic graphite shapes with refractory, low
atomic-pumber carbildes or iorldes for protactlion from the Tokamak at-
mosphere has been proposed to lessen thes: problems; however, becauuse
of the differences in thermal expansion and conduct’vity(between graph-
ite and the coatings), spallation of the coat(cxposing the graphite
surface) may occur durlng operation.

Riley, et al have suggested that the spallation problem could be
essentlially eliminated by comblning the graphite and protecctive coat-—
ing in the form of a fillament reinforced composite. This could be
accomplished by Lhe chemlcal vapor deposition of carbides or borldas
on graphite cloth in such a way as to cuci a2 each indfvidual filrwent,
fullowed by hot preasiug a stack of the coi."vd clathus Into a fully

*Work performed under the auspices of the US Depactment of Epncrgy.
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dens: plate(l). The resultant structure would show a continuous net-
work of carbide or boride recinforced wlth graphite filaments, cssent-
ially eliminating adhercnce and spalling problems., If the coating is
ruptured, the damage would be restricted to thie individual filaments
involved, and attack cf the graphite by hydrogen or by sputtering min-
imized. Further, the filament reinforced «¢rmpoalte should have super-
ior strength propertics and should exhibit cxcellent thermal shock and
thermal fatigue propertics(2,3).

In this study we describe a technique for preparing such graphite
filament reinforced titanium diboride and lLinron carbide composites.

II. EXPERIMENTAL PROCELDURES

All the coating prepared in this study was deposited on Union
Carblde WCA cloth with an areal denszity of 0.0244 g/cmz, woven frcom
yarn containiug 1440 [ilamecvts cach 7 pm in diaueter. Circular picces
of cloth M6 cr in diameter were stireteh.l over 2 13.3 enm o.d. graphite
holding hoop, and held iu place by coupressing the excesu cirvcumferen-
tial material down ovoer the hoop wlth an external graphlie compression
ring. Several of thesz disks are then stacked in a 17 cw J.d. coating
chamber ia such a mannar that the roeactant gases flow through the ¢lo-
tha in serles. Four graphlte baffles placed above the clothe and soep--
aratwd by spacera served Lo henl the coating goases to the depositlon
tenperature. The T1By depesition, aud a lew early boron carbide diopo-
sitivns were carried oul in a smaller apparatus whose doesian was siwll-
ar to that degcribed above except that the eclobhs were orionted para-
1lel to the reactant gas llow.

Deposition wayg carricd out at a reducced pressure of 15 Lo 25 Lorr
in order to enhance diifusiva of the coatlog gases into the interior
of the yarnm strands to promote unifori: deposition on all filaments.
The reduced pressurce is achieved by meaus of a high speed contvifugal
pump using water as thc pumping fluid. For the CVD, gasenus chlorides
of boron and titanlum were generated by dirvct chlorlnatlon of Llie
elcments at 575° and 400°, respectively. The BCl3 and/or TiCly were
mixed with hydrogen down strcam from the chlorinators and then intro-
duced into the coating chambur. For the bhoron carbide coating, Cjllg
was added to the hydrogen as a carbun source.

Analysis of the deposited material for bornn content was carriod
out as deacribed in Ref. 4, with the exception that fuslon was done 1u

a mixture of NagCOq and Naj0,.

Hot pressing was carried out in a geanhfoll-lined, graphlte die
with pressuce pradually applied durluyg heid up.

ITI. EXPERTIMFIITAL RESUTTS AND DILSCUSSTON

The primary empha:is of this study was to dekernine sets of cont-



ing parameters for TIBs and boron carlLide deposlition which would allow
unlform coatiug of tle filaments within Lhe cloth assemblaga.

TITANLUM DIBORIDE COATED CLOTH. Table 1 shows the procoss pas
flow rates used to prepare titanium diboride coatings. Since x=ray analy-

Table 1. Ticanium diboride deposition paramcters

Chlorine flow to boron chlorinator (em3/min) 201
Chlorine flow to titanium chlorinator (cm3/min) 134
Hydrogen flow (cm3/min) 6000
Duposition temperatures (°C) 700- 1400
Deposition times (min) 240-445

sis showed only TiB;, and since TiBy) hag a4 very small howopenelty range,
no analysls for boron cemposition was earried out (H).

The effect ol deposliion temperature on the wniformiLy of deposit
thickness across the yarn strand is shown by the photomlcrozraphs in
Fig. 1. At 800 °C (Flg. lc) the interlor filamenkts in the yarn strand
has less T1Ba than the outer ones; at 1000 °C (Fig. le) th» strand has
been '"canned” with Tily excluding the couating gas from the interlor
filarents. Close examination of the photomicrographs in Figu. la and
1b suggest that the uniformlty of the cloth coated at 700 “C migh* be
slightly betier than that at 750 °C, howceves, boLh look satisFactery
for hot pressing. Tigure 2 shows the effect "canning" has on the
deposition rate as a functlon of tempuraturc. Above 800 °C the sur-
face area accesaible to the coating gas decren . so rapidly that it
overcome= an exponeankially Increasing deposition rate resulklng in an
apparent maximum Iu the observed depositlon rate. This iy confirmed
by the change with temperature of the fractlon ol the coai deposited
on the cloth (weight increase of cloth/wsisht increane of cloth +
graphlte fixture) shown in Fig. 3. As th: Interlor of the cloth boe-
comes scaled at higher deposlilon temperaturvs, the suriace area of
the fixture becomes Increasingly sipalficant. The vatio of the sur-
face arca of cloth to the surface ar-a of th: graphlte fixtuce Is
" 115, hence at the lower deposition tomperaturcs where natallogranhic
examination showed that unlform deposition w.is obtained on all ril-
aments, one would expect N 1% of the waight to be on the Fixture, LF
the duposlition rate was the same for fixtur: and cloth., Howevar, Fig.
3 shows that the fraction is 104, Lndicatig tha' the Jepositlon rate
within the cloth is 1/10 of the ratce outnide Lhe cloth. A sinllar
reiationship has been found for boron cachidi,

HOT PRESSED TTTAMTUM DTIEORIDE. A single hot press-d billet, pre-
paved from materlal coakted ak 750 °C, and containlng 38 val, 7 Tidy

and 62 vol. 7% graphlte filber wan doosifled at 2350 “C ad 28 MPa.  The
measured propartles of thls hillet are showa in Table 2 anl {is nicro-
structure Is shown In Fig. 4. While cxeellenl coapact an yvas achfoved,

the graphite fibers und-erw=ne reovganlzatfon with o resultiug loas of




Table 2. Properties of TiBy/C composite matcrial

Composition (vol. Z TiBj) 38
Density (g/cm3) : 2.83
Flexure strength (MPa) 108

TiBy lattlce spacings
b=fore hot pressing a, = 3.039 A, ¢, = 3,207
after hot pressiug a, - 3.039 A, c¢o = 3.232

integrity. Irrespective of whether thius was caused by incipient melt-
ing at the pressing tc¢mperature, or a solid state reaction, it is
detrimental to the flexure strength. While the flexure strength shown
in Table 2 is higher than that for TiR;--C particulate composites, the
value should have been slgnlfilcantly higher 1f reorpganfzatica could
have Leen avolded.

BORON CARBIDE COATED CLOTII. Table 3 give a typiral sct of pro-

cess parameters used for deposition of boron carbide. Sinee x-ray

Table 3. Typical boron carblde depoaltion parameters

Chlorine flow to boron chlorinator (em3/min) 3723

Propena flow (em3/min) 4.8
Hydrogea flow (cm3/min) 10100
Deposition tcmperature (“C) _ 90()
Depositlon tIme (min) 600

diffractlon analy:sis of the deposited matcerial showaed oin imo1phous
structurc, boron analyses were made to detsrmine the composition of
the deposlted material as a function of b -iperature and other process
variables. Boron contenl variatlon with depeaition tcemperature Is
shown in Fig. 5. The data for 850, 900, and 950 °C repreesent the
means (wlth one standard deviation) for 2-6 different coated ecloths,
while tht at 1000 °C was determined [rom a single, coated cloth,
Analys:.. of the buron content as a function of cloth stack positlon
at 960 °C showed that the B:C ratio was essentlally econstant (v2),
whereas the B:C ratio 1In rthe gas was V4 at the top of the flrst cloth
and V6 at the bottom of the last cloth ipn the stack. Another run at
900 °C where the 1nital B:C ratlo In the gas was V5, agaln, resulted
in a B:C ratlo of 2 In the top cloth. Thede observatlons sugpest that
for a glven depoaltion tempuoratus:, the B:C ratlo in the deposlted ma-
terial is relatively Inscositlve to the B:C ratio In the gas for the
ranges investlgated.

To achiceve the maximum microstructural uniformity In the fiual
hot pressed sample, it is essentlal to determinnd the raage where uni-
form penetration of the Tiber bundles is achisved.  Shown io ¥lg., 6
arce photomlerographs characterciatle of the fnner repions ol yarn
strands coated at 850, 900, and LOOD °C, respecetively. Unflormity of
penetratlon is somewhal better at 850 “C than 900 °C, although both



appear quite adequate for the hot pressing. At 1000 °C a definite lack
of uniform penetration l: evident and the coated cloth is unacceptable.
Based on these observations, the optimum coating temperature is in the

range of 850 to 900 °C.

Figure 7 shows the variation of deposition rate as a functivua of
cloth position in the stack for 850 and 900 °C, respectively. Over the
limited runge of depositfon rates studled; this variation is nearly
linear, which allows the production of un!formly loadnd sets nf eloth
by reversing the stack ucquence for a sccond coaLing run with the s:me
coating time duration. For 5 cloths, this procedure produces a loading
uniformity of * 4% and for 8 cloths % 7%.

In order to better understand the variatiou of deposltion rate

with LC14 and Cqllg concentratlon::, four coalluny run:. were made wvhero
these parameters were varled independently (Table 4). The ratifo of the

Table 4. Effect: of BClj and C3Hg on Adepousition rate

Deposition

Deposition BCl4 Cilig rate (cloth 1)

Run  temp. (°C)  (uoles/win)  (moles/min) (p/min)_
1 950 0.00438 0.000329 0.01320
2 950 0.00250 0.000729 0.0109:4
3 900 0.00834 0.000714 0.01053
4 900 0.008233 0.000567 0.00897

deposition rates on the flrst cloths fn Runs 1 and 2 was proportional
to the cube root of the ratlo of the respective BG1q [low rates.
Similarily, the ratio of the deposition rates on the first cloths in
Runs 3 and 4 wns proportional to the 2/3 power of the ratio of the
respective CjHg flow rates. These results sugaest that the depositlion
rate, r, on the nth cloth in a stack could he glven by
3 273
F() « oy () -Bgy () (1)

where Pnc13(n) and PC;HG(“) are the average partial uressures of the

reaciants. These partlal pressures can bhe calculated iteratively Lrom
the inital reactant concentratlons at the cntrance Lo the coatfng chan-
ber, the cumulative weizht of material deposlted up to the nth cloth,
the welght depoalted on 1 he nth cloth, and the composit Lon of the do-
posited materlal as inferred from Fig. 5. The averapge parrial press-
urcs of BCla and CqH, arc taken as the mean of the values before and
after the nth eloth, Dara Lrom four coat lng runs at 900 °C are conbip -
ed In Pig, 8 as a test of Eq. 1. The runs chonsen were thowa which
covared the whkdeast rangse of depositfon rates to provide the targest
spread of data. The Tine shown throvgh the data paints 15 oo iaear
least squares 1t which wis not constealnsd Lo pa o throuwsh the origin.



While the data shown follow the functional dependence of Eq. 1, it is
important to note that the runs all had very similar starting condi-
tions. Undoubtedly there is a functlonal dependence on the partial
pressures of HC1 and Hp, but these dependencies wore not decipherable
in the range of parameters investlgated. However, for this range the
dominart rate controlling reactant is C3Hg.

BORON CARBIDE-CARBON lIOT PRESSED BILLETS. Two hot pressed billets
containing2? and 43 vol. % boron carbide, respectively, were preparcd
at 2100 °C and 32 MPa. These samples were made from cloth coated at
1000 °C. As discussed in the previous section, material prepared at
this temperature lacks sat:lsfactory hoimogenity, and future samples
prepared from material deposited at 850 and N0 °C arc expaected to
have a better microstructure and improved pr.-.ertiea. The mlerostruct-
ure of the 27 vol. Z sample is shown in Fig. 9. Ixcecllent compaction
was achieved, but, as in the case of TiBy/C hot prescing, the integrity
of the graphite fibers appears to have boen damaged by reaction wlth
the bhoron carblde. The data prescented In Yie. 5 saggest thatr the B:C
ratio in these samples is ~ 5. Since the B-B4C cuicetle 1s approximal
ely 2075 °C, liquid phasc mny have been present durlng hot pressing
leading to reorganizatlon of the graphite fibers. This is not expoected
to be a problem for hot pressiungsprepared from material coated In the
range of 850 to 900 °C, slnce the B:C ratio is < 4 and the BiC-C cu-
tectlc temperature is approximately 2375 °C(5). X-ray diffracticn
measuraments on the hot-pressed samples shewed that the amorphow:. ge-
posit had transformed to hexaponal BiC (ap = 5.621 A, ¢, = 12.093 A).
The electrical conductivities of botLh hot presscd billots are shown in
Table 5.

Table 5. Elcctrical properties of B4C/C composites

Composition Density Electrical Conductivity
(vol. Z B4C) (g/cm3) o Q@ 'em )

27 1.71 441

43 1.87 204

100% 2.47 28

*3,C powder hot pressed at 2050 °C and 21 MPa.
IV. CONCLUSIONS

The materlals discussed In this study demonsbrate the capability
for preparing a homogenzous fiber reinforced structurs, with the choice
of ceramic and Its propurtlon relative to carbon fiber adapted to the
particular use. It 1is clear, however, that addltfonal work 18 required
to establish the correct hot pressing conditlons for botrh TiBy/C and
BAC/C. In addition, th. elferets of composition over the boron carbilde
range from BC to Bgl might be expected to have a substantial effect on
plasma crosion resistance. o0 wost signllicant problen, at proseat,
coams to be the rather limited amount of data available on thls roli-



tively new materlal, and especially a complcte lack of empirical infor-
mation on how it will actually bchave when cxposiced to a Tokamak plasma.

ACKNOVLEDGMENTS

We wish to acknowledge the efforts of T. I. .Jones and D. F. Nyc

in the performance of the tensile and flexurce tests and metallography;
C. Javorsky for scanning electron microscopy; W. R. David for the boron
analysis; and J. Kostacopoulos for the hol pres:ing work.

REFERENCES

R. E. Riley, T. C. Wallace, and J. M. bickinson, "Composite Maler-
ials for Tokamak Wall Armor, Limiters, and Beam Dump Applications,"
to be published in the Proceedings of the: ANS First Topical Moo: g
on Fusion Reactor Materlals, Miami Beach, January 29-31, 1979,

I. W. Donald and P, W. McMillian, "Keview, Ceramic-MHatrix Ceops.o-
ites," J. Mat. Sci. 11(1975)949.

J. E. Hove and H. M. Davis, "Assessment of Ceramilc-Matrix Composite
Technology and Poten:lal DoD Applications,"” Institute For Defv s
Analyses report P-1306 (Dec., 1977).

F. Hudswell, "Comprelienaive Analytic:.l Chemistry," Edited by €. L.
Wilson and D. W. Wilson, D. Van Nost.and Company Ine. (Prine ton,
1962)93.

F. A. Shunk, "Constltution of Blnary Alloys, Second Suppleines: "
McGraw-Hill (New York, 1969)100.



-

S e e -

[~ R L
.
s
- !-r, -
* -
Y = L
et
[
. -
- R .
- LY L
. 3 . e . -
"st . »- .
’.“'_- ‘- . . - -
- v » = = ..-. -
7 s e
- - -~
e b
S L
- LR R
» “a .
.- . -
- ' .
[ Y .
. e, L -
'Y - !‘:--"-'- ’
. . LI 4
.8 A gl
. ¥l S
AR P RN '
S e s e o
L | . AT
a o » s 4w
I T SR DN -
- > i [T L
w' . LY
E . ‘At y
1 - DR g

Fig. 1. Titanium
depositad at a)
and e) 1000°C.

.m..-.‘u-‘-_ .‘.-.n_\_ - éw_u R e L UIFRERC b B Y
) . ¥ S .-.._:".-- - .
o )
Tosa oy s
..
- L.
:,'? ) " v
. e
P ™ e
i *
- -
L - .
. . S
» . ML)
: . . : . .
P . L X
~. L [ '_';.'
.w IS T B
VW [
IR Y o)
* e 7 N S ) ‘
.t L M
x b - A e
. - Y ¥
IJ-' w e Vg
“ LM
Jre——

80 um
(e)

diboride coated carbon cloth as
700°C, b) 750°C, ¢) 800°C, d) 900°C

CINAS tmran TR S 17 kb I bty

SIPPR PR AP



BLANK PAGE



9 T . el T
T nie,
! .
E |
» i
: |
“ osl :
5 !
; |
E i
3 |
Py A 1 A 1 !
[1-J 700 200 200 1000 1100

DEPOSITION TEMPERATURE (°C) |

Fig. 2. TiBy deposition rate as
2 function of temperature.

o——"-- - - —_—r—— —r— I
# %3
3w} },,-”}' Js 8
E {/{ 2o
el ~ 3

=

; 3

S w0l “,
850 900 9% 1000

DEPOSITION TEMPERATURE (“C) |

Fig. 5. Composition of horon
carbide deposits as a function
of temperature.

- -
RUACTART FLOW)
culrmn o

(11} Cla Cig M
o MHS ® L]
a 25 les 1000 oy
Q 423 e 10WO

WPOLTION RATE lg/min)
Q

o ——— b

— - -l - B —— . W . LI e ——
[ ] o oo2 0Ny [1-1} ous 0023 oar .

vy 873

(torr!
WGl Cyig

Fig. 8. Boron carbide deposltion
rate as a function of reactant
partial pressures.

§ 10; = = q-e- B RRT D SR E e
os -

EN e

[ ] L ]

e

g 08

<

P

>~ 07

.

>

9

; v

@

- 05...___J_____1._..._'..___a'... -
[ 1] "D aco °00 1000 oo

DEPOSITION TEMPERATURE ()

Fig. 3. Fraction on cloth of
total Tily deposited, as a
function of temperature.

-a
o olv o 8232 1
\3\ A 90nc
- ~~
= ~a
H S~
- \-.
e e
- l\
. o005 "~
100 —
E \0\‘\
E O~
1] [ < P,
'y
8
o L. . i
1 ? 3 4 ] :

CLOTH POSITION

Fig. 7. Boron carbide depositlioun
race as a function of cloth
position.



N ! . Nen 1
- Vv . - M » -
) \l" g -h -1 - .. - R .“
- - L "
L] * »t ‘-'- ) N -‘
v PO 4 . 4
I - < % j
e e Wt -
I -
o _, ,
- < da i R
1 . o .
) ’ il S . "‘“;
R ':*ﬁ 2! . - oy ¥
_ & - . Teg s M ’ F I
:- :'.’ 1 -7 ',J="._ __-l
oA - i - - . _.3- 3
% _ i .Y i Len . e L e ..._.'._‘_ -
A . L . . _‘- - "E - R ) :
[ S—
40 um _
(a) (b) (¢)
Fig. 6. Doron carhilde coated carbon cloth
as deposited at a) 850°C, h) 900°C and
¢) 1000°c.
;ﬂé y SR T
. = ",._F- -, B - . ' -~ :
Loi O Y :
N6 g SIRTTRR s . <
e T it Y T -
.3".. [} 5 _-I .__"_..":\_' - A LI |-
¥ L) - 1‘_‘..‘.‘;. -, v L oen
L 0N - -] - Coe ‘- -~
':' - s ..,;__\ ~ - "'\..' . “oS,
< T el N STImA A
:'f\ Y . 1"-:-- h:-‘.“:'. . \- _\--_‘.-.-_ - i
:t -. e .."-'u_‘l:t: ~ . _‘-\U:.' -. '9.:'.

\‘:!:%:“

bl g I S
?'lﬁ(\ ¥ S .-.ﬁﬂ& - --|""..| f ‘ ; b ] s ..' .. '_ ’ ‘;‘:‘\. ';- ~
[y %-ﬂ* y’g’\_b_ 9_ A _“:\‘ . ;! .-_.1. e _..-_... PR . _..'_._‘-.: T
PAR VN e, Y N T L T T S

e} ——————)
4o pm €0 nn
Fig. 4. Hot pressed Tj_Bz/c Fig. 9. Hot pressed boron
sample containing 38 vol.% carbide-carbon saaple contain-
TiBy, 62 vol.Z C. ing 27 vol.7% boron carhlide.



